Background. Inactivated influenza vaccines are manufactured using either split-virion or subunit methods. These 2 methods produce similar hemagglutinin antibody responses, but different cellular immune responses.
Until recently, the manufacture of all influenza vaccines started with a similar process, which still accounts for the majority of available vaccines. Influenza viruses are grown in pathogen-free eggs, and the virus membrane is disrupted with the use of a surfactant. Subunit vaccines are further purified using differing sedimentation to remove the internal subviral core [1] . Split-virion vaccines do not undergo further purification so they usually contain more protein, and because of this, are generally more reactogenic, which was a rationale for development of subunit vaccines [2] . Because splitvirion and subunit vaccines contain similar amounts of hemagglutinin, they produce similar responses when tested by hemagglutination inhibition assay, the correlate of protection used for licensure, and are assumed to have comparable effectiveness [2] . However, this correlate of protection is imperfect [3, 4] , and it is unknown if these vaccines have similar clinical effectiveness.
Cellular immune responses may be important in addition to antibody responses in older adults [3] , as cellular immune responses have been associated with clearing influenza infection [5] . These cellular immune responses are directed toward internal proteins such as nucleoprotein, polymerases, and matrix proteins [5] . Due to manufacturing methods, split-virion vaccines contain more internal proteins, which may be important for cellular immune responses [6] . Co et al reported that split-virion influenza vaccines stimulated a stronger cellular immune response to influenza than subunit vaccines [6] . It is unknown whether differences in cellular immune responses translate into differences in clinical effectiveness. Using data collected to determine influenza vaccine effectiveness in older adults over several influenza seasons [7, 8] , we performed a substudy to evaluate whether split-virion vaccines provided greater effectiveness than subunit vaccines for the prevention of medically attended acute respiratory illness associated with laboratory-confirmed influenza.
METHODS
Adults aged ≥50 years seeking medical care for acute respiratory illness or fever without other known nonrespiratory causes in 1 of 4 surveillance hospitals, an emergency department, or an acute care clinic from November to April during the 2008-2009, 2010-2011, and 2011-2012 influenza seasons in Nashville, Tennessee, were eligible [7, 8] . The 2009-2010 influenza season was excluded because the pandemic vaccine was not available until after peak circulation of the pandemic virus. A trained research assistant used a standard form to collect data on symptoms, smoking history, history of influenza vaccination, and use of certain medications (including steroids and home oxygen use). One nasal swab and 1 throat swab were collected for influenza testing using Centers for Disease Control and Prevention primers and probes [7, 8] . Chart abstraction included demographic data, past medical history, results of microbiologic tests, hospital course (if hospitalized), outcome of illness at discharge, and verification of influenza vaccination status. In addition, study staff verified vaccinations from traditional and nontraditional providers such as retail stores, employers, military, and public health officials.
Definitions and Covariates
A person was considered vaccinated if influenza vaccination was verified to occur at least 2 weeks prior to the onset of symptoms. Study nurses reviewed medical records for all patients regardless of self-report, to verify vaccination status, determine the duration between vaccination and illness, and obtain the vaccine manufacturer and lot numbers. If a participant denied vaccination, we confirmed with the primary care provider or nursing facility that no vaccine was given.
Influenza-positive cases were defined as participants with positive reverse transcription polymerase chain reaction (RT-PCR) results on duplicate testing. For patients with >1 enrollment, only the first influenza-positive enrollment or the first enrollment, if none were influenza positive, was included. Influenza-negative controls were defined as participants with respiratory illness who tested negative for influenza by RT-PCR testing and had evidence of β-actin or RNase P in the sample. Patients with indeterminate laboratory results, unknown vaccination status, or unknown vaccine manufacturer were excluded from the analyses.
Influenza seasons were defined by the total number of weeks that included all influenza-positive specimens from enrolled patients each year. Covariates obtained by self-report or medical records review included age in years, sex, race (black, nonblack), current smoking (in the past 6 months), home oxygen use, underlying medical conditions (diabetes mellitus, chronic heart or kidney disease, cardiovascular disease, asthma, chronic obstructive pulmonary disease, and asplenia (functional or anatomic), immunosuppression (human immunodeficiency virus [HIV], corticosteroid use, or cancer), timing of admission relative to the onset of influenza season, the specific influenza season, and site of enrollment (hospital, emergency department, or outpatient clinic). All covariates were considered as potential confounding factors.
Split-virion vaccines included Afluria, Fluarix, FluLaval, and Fluzone Standard Dose; subunit vaccines included Agriflu and Fluvirin. Fluzone High Dose vaccine recipients were excluded.
Analysis
Characteristics of patients who received split-virion vs subunit influenza vaccines and influenza-positive patients and influenza-negative controls were compared with the use of Pearson χ 2 test for categorical covariates and Wilcoxon rank-sum test for continuous variables. The group without influenza immunization was used as the reference for both the split-virion and the subunit vaccines. Using the case-positive, control test-negative design, vaccine effectiveness estimates were calculated using the following formula: [1 -adjusted odds ratio (OR)] × 100% [9] . Adjusted ORs overall and for 3 age groups (50-64, ≥65, and ≥70 years), 3 influenza seasons, and 3 influenza strains (influenza A H1N1 and H3N2 and influenza B) were calculated. Covariates include age in years, sex, race (black, nonblack), current smoking (in the past 6 months), underlying medical conditions, immunosuppression (HIV, corticosteroid use, or cancer), the specific influenza season, timing of admission relative to the onset of influenza season, and enrollment site (emergency department, inpatient, outpatient). Underlying medical conditions included diabetes mellitus, chronic heart or kidney disease, cardiovascular disease, asthma, chronic obstructive pulmonary disease, and asplenia (functional or anatomic). Restricted cubic spline function was applied to age and week of influenza season variables with 3 knots for each variable. Vaccine effectiveness was estimated by comparing split-virion vaccine compared with no vaccine and subunit vaccine compared with no vaccine between influenza-positive cases and influenzanegative controls using the logistic regression model with 3-level exposure variable (split-virion vaccine, subunit vaccine, and no vaccine) and lasso penalty on all potential confounders [10] . Lasso-type methods have been developed recently for high-dimensional data analysis when the number of parameters to be included in the model is large relative to the number of cases available. The penalty functions are chosen so that the model can yield zero estimates when the parameter values are close to zero and hence can perform the variable selection procedure. The difference in vaccine effectiveness was determined as the difference between the vaccine effectiveness for split and subunit. The 95% confidence intervals (CIs) were constructed using 2000 bootstraps.
For the participants with influenza vaccine but unknown vaccine manufacturer, the reason was mostly due to missing vaccine lot number in their medical record, which is likely missing at random [11] . A sensitivity analysis was conducted including patients with missing vaccine type or any missing covariates after performing 20 multiple imputations [11] . All analyses were performed using R3.0.2 (r-project.org).
RESULTS
We enrolled 840 subjects during the 3 influenza seasons. Vaccination status was known for 775 subjects, of whom 539 had complete data and were either unimmunized or immunized with a vaccine of study interest. Of those excluded, 202 reported influenza vaccination but the vaccine manufacturer was unknown, 16 received high-dose vaccine, and 18 had missing data. Site of enrollment was the hospital for 427, emergency department for 20, and an acute care clinic for 92. Of the 539 participants, 68 (12.6%) had influenza detected. Influenza-positive patients were younger (P < .001), were more likely to have received no vaccine or the subunit influenza vaccine than the split-virion vaccine (P < .001), and more likely to have sought care in either the emergency department or the acute care clinic than the hospital (P = .001) ( Table 1) . Approximately 40% of vaccinations were given outside a provider's office or clinic. We were able to verify approximately 78% (454/ 582) of all vaccinations. For vaccinations not given at a regular provider's office or clinic, 75% were verified.
One hundred fifty participants received a subunit vaccine, and 204 received a split-virion vaccine (Table 1) . Patients who received split-virion vaccines were similar to patients who received subunit vaccines except that fewer split-virion recipients developed influenza (5.4% vs 12%; P = .025). Patients who did not receive an influenza vaccine were more likely to be black (P = .006), to smoke (P < .001), to have influenza (P < .001), and to be younger (P < .001), and less likely to have cardiovascular disease (P = .005), diabetes (P = .004), and/or kidney or liver disease (P = .03) compared with those who were immunized.
The adjusted vaccine effectiveness for the split-virion vaccine for the prevention of medically attended respiratory illness due to laboratory-confirmed influenza in adults ≥50 years of age was 77.8% (95% CI, 58.5%-90.3%), whereas that of the subunit vaccine was 44.2% (95% CI, −11.8% to 70.9%), giving a vaccine effectiveness difference of 33.5% (95% CI, 6.9%-86.7%). Figure 1 shows the vaccine effectiveness overall, by age group, by influenza season, and by virus type for the subunit and the split vaccines. The split-virion vaccine showed clinical effectiveness for all adults aged ≥50 years, those 50-64 years, and those ≥65 years; for the 2008-2009 and the 2010-2011 influenza seasons; and for influenza types H1N1 and B. The CI for subunit vaccine effectiveness included 0 for all analyses.
The sensitivity analysis, which included 18 additional participants with missing data and used multiple imputation, produced similar results to that of using the complete data set. The vaccine effectiveness of the split and subunit vaccines was 74.8% (95% CI, 53.3%-89.2%) and 46.3% (95% CI, Figure 1 . Effectiveness of subunit and split-virion vaccines for all adults aged ≥50 years over the 3 seasons, and vaccine effectiveness (VE) by age group, individual influenza season, and influenza type. VE is shown side by side for comparison. Effectiveness was truncated at 100% and −100%. Confidence intervals are shown in parentheses. −4.4% to 75.9%), respectively. The difference in vaccine effectiveness was 28.6% (95% CI, .85%-73.1%).
DISCUSSION
Using prospectively collected data, we found that split-virion vaccines had greater clinical effectiveness than subunit vaccines among adults aged ≥50 years. The difference in vaccine effectiveness of split-virion vaccines was 33.5% compared with subunit vaccines for preventing influenza-associated medically attended visits. A meta-analysis of studies evaluating the antibody responses to hemagglutinin reported similar responses in persons receiving either split-virion or subunit vaccines [2] . There are few investigations comparing T-cell responses between vaccines. One study of 3 commercially available vaccines found very different human T-cell responses that varied with the internal protein content of the vaccines [6] . Greater T-cell responses, as defined by increased interferon gamma (IFN-γ) production, were seen in recipients of the split-virion vaccine preparations [6] . In another study of vaccinated adults aged ≥60 years who were prospectively followed for influenza infection, McElhaney et al [3] reported that a number of cellular responses, including the ratio of IFN-γ to interleukin 10 and the level of granzyme B, were more predictive of protection against infection than pre-or postvaccination antibody titers. Murine models suggest that influenza-specific CD8 + T cells decrease morbidity by reducing viral titers [6] . In healthy human volunteers, reduction of viral replication and protection from disease has been correlated with preexisting cellular immunity [12] . We are aware of only 1 other study that has compared clinical effectiveness of split vs subunit vaccines. A recent European study [13] found no difference in effectiveness between split and subunit vaccines for the 2012-2013 season for any age group. Among adults ≥60 years of age, vaccine effectiveness was 54.1% (95% CI, 16.8%-74.7%) and 64.6% (95% CI, 21.6%-84.0%) for the split and subunit vaccines, respectively. It is unclear why our results differ, although CIs in both studies are wide. The outcomes of the 2 studies differed in that the European study was performed in outpatient clinics. Although we included 1 outpatient clinic and 1 emergency department, 77% of enrolled patients were hospitalized. Hence, split-virion and subunit vaccines may have similar effectiveness for the prevention of mild illness, but split-virion vaccines may be more effective for the prevention of severe disease. Alternatively, the specific vaccines may be more important than the dichotomy between split-virion and subunit vaccines. In our population, most split-virion vaccines were Fluzone (38%) and most subunit vaccines were Fluvirin (99%). The European report did not include specific vaccine formulations. It is also possible that differences in vaccines may be important for only specific influenza viruses or specific age groups.
Clinical effectiveness could also be influenced by the amount of neuraminidase (NA) present in these vaccines. Unlike hemagglutinin, NA content is not standardized, and therefore we do not know the differences in NA content in the vaccines studied. Antibodies to NA fail to prevent infection, but lessen the severity of disease and reduce viral shedding [14] . Hence, NA content could be another reason for differences in clinical effectiveness.
Influenza vaccine effectiveness also relies on the similarity between circulating and vaccine strains. The 2008-2009 [7] and the 2011-2012 [15] influenza season vaccines were good matches for both A strains but poor matches for the B strain alone. The 2010-2011 [16] was a good match for all 3 strains. It is interesting that the greatest difference in clinical vaccine effectiveness was observed for influenza B, for which there was vaccine strain mismatch with the circulating strain in 2 of the 3 study seasons. It is unknown whether specific inactivated vaccines provide better protection against mismatched strains.
This study used the case-positive, control test-negative study design that has been used by both the US Influenza Vaccine Effectiveness network [17, 18] and the European Influenza Monitoring Vaccine Effectiveness in Europe network [13, [19] [20] [21] . This study design uses controls that have presented to the same medical center and have tested negative for influenza. Theoretically, recipients of influenza vaccine may be different from those who have not received influenza vaccine by unmeasured confounders. However, this design controls for factors related to the propensity to seek care with an acute respiratory illness and the need for hospitalizations. In addition, for the major comparison of interest, split vs subunit vaccine, all patients were vaccinated, and there were no clear differences between those who received the 2 types of vaccines.
There are several limitations to this study. We only included 3 influenza seasons in 1 area of the country. The study was also limited by the number of influenza cases detected. The CIs on all estimates, especially in the subgroups, were wide, and sample size was insufficient to assess vaccine differences in the oldest adults. However, patterns in most subgroups were similar. The relatively small sample also increases the likelihood that results are due to chance. However, the findings do conform to our prespecified hypothesis. Last, almost all of the subunit vaccine in this study was from 1 manufacturer; thus, differences observed may be related to the specific vaccine rather than the general vaccine type.
We previously reported that trivalent inactivated influenza vaccines were approximately 60%-70% effective for the prevention of hospitalization in older adults [7, 8] . Those studies were done assuming that all influenza vaccines had similar effectiveness. The current report suggests that all inactivated vaccines may not offer similar protection. However, these results need confirmation from other studies, and should provide the impetus to evaluate the comparative effectiveness of available influenza vaccines. In the meantime, the role of internal viral proteins in influenza vaccines should be explored.
